Super-resolution fluorescence imaging techniques overcome the diffraction limit and allow fluorescence imaging with near-molecular-scale resolution^[@R9],\ [@R10]^. These techniques include approaches that use spatially patterned illumination to control the emitting states of molecules in a spatially targeted manner or methods that are based on stochastic switching of individual molecules^[@R9],\ [@R10]^. The stochastic switching methods, such as stochastic optical reconstruction microscopy (STORM) and (fluorescence) photoactivation localization microscopy ((F)PALM), rely on sequential activation and precise localization of single molecules to reconstruct fluorescence images with sub-diffraction-limit resolution^[@R11]-[@R13]^. Various strategies have been used to localize fluorescent molecules in three dimensions for 3D super-resolution imaging, but these strategies suffer from either anisotropic image resolution^[@R14]-[@R17]^ or a limited imaging depth^[@R14],\ [@R15],\ [@R17]-[@R20]^. Hence, a localization method that provides isotropic 3D resolution and large imaging depth is highly desired.

Here we report an approach to localize individual fluorophores with both isotropic 3D localization precision and substantial improvement in the imaging depth based on a SB-PSF derived from Airy beams^[@R2],\ [@R3]^. Unlike standard Gaussian beams, Airy beams propagate over many Rayleigh lengths without appreciable diffraction^[@R2],\ [@R3]^ and are self-healing after being obscured in scattering media^[@R21]^. In addition, Airy beams undergo lateral displacement as they propagate, resulting in a bending light path. We reason that the propagation distance of an Airy beam along the axial direction, and hence the axial position of an emitter, can be determined from the lateral displacement of the beam.

Airy beams can be generated based on the consideration that a 2D exponentially truncated Airy function *A~i~*(*x*/*a*~0~, *y*/*a*~0~) is the Fourier transform of a Gaussian beam $A_{0}\exp\lbrack( - (k_{x}^{2} + k_{y}^{2})/w_{0})\rbrack$ modulated by a cubic spatial phase, where (*x*, *y*) and (*k~x~*, *k~y~*) are the spatial coordinates and corresponding wavevector components, respectively^[@R2],\ [@R3]^. Hence, fluorescence emissions from individual molecules can in principle be converted into Airy beams if we introduce the cubic spatial phase with a spatial light modulator (SLM) placed at the Fourier plane in the detection path of the microscope ([Figure 1a](#F1){ref-type="fig"} and [Supplementary Figures 1 and 2](#SD1){ref-type="supplementary-material"}). Here, we used the cubic function ((*k~x~* + *k~y~*)/*b*~0~)^3^ + ((−*k~x~* + *k~y~*)/*b*~0~)^3^ for the spatial phase modulation such that light bending occurred in the *x* direction. In order to separate the desired first-order diffraction from the unmodulated, zeroth-order beam, an additional diffraction grating was added to the phase pattern on the SLM. To facilitate precise 3D localization of the emitters, we introduced two variations to the Airy beam. First, because the large side-lobes of Airy beams hinder accurate localization of individual emitters and prevent imaging of densely labeled samples ([Supplementary Figure 3a](#SD1){ref-type="supplementary-material"}), we eliminated these side-lobes by introducing an additional phase modulation on the SLM to divert all wavevectors with \|*k~y~*\|\> *k~yc~* out of the detection path ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). We optimized the parameters in the cubic phase and the cutoff value *k~yc~* to reduce the Airy beam side-lobes while still preserving 70-80% of photons ([Supplementary Figures 2 and 3](#SD1){ref-type="supplementary-material"}). Second, we split the unpolarized fluorescence emission into two orthogonally polarized beams and rotated one of the polarizations such that both beams were properly polarized for the SLM. This two-beam design not only reduced SLM-induced photon loss but also allowed us to separately direct the two beams so that they bent in opposite directions during propagation, which enables decoupling of the lateral position of the emitter from propagation-induced lateral displacement of the beam.

To test the performance of the SB-PSF, we first used 100 nm fluorescent beads as point emitters and recorded their images in the two polarization channels, denoted as left (L) and right (R) channels. It is worth noting that the PSF tends to bend in the same direction above and below the focal plane, it is thus necessary to select only one side of the focal plane for imaging to avoid ambiguity. In addition, the refractive index mismatch between the sample and the oil-immersion lens causes a spherical aberration, which decreases the localization precision^[@R22]^. Considering that the spherical aberration for emitters below the focal plane is smaller than that above the focal plane^[@R22]^, we only imaged below the focal plane. The bead sample was thus placed at the focal plane initially and then scanned towards the objective along the axial (*z*) direction. As the sample was translated in *z*, the images of individual beads in the two channels shifted laterally in opposite directions in *x* ([Figure 1b](#F1){ref-type="fig"}). The SB-PSF maintained a compact profile over a ∼3 μm range, expanding only 2.4 times in width ([Figure 1b](#F1){ref-type="fig"}). In contrast, the bead images recorded without using the SLM, i.e. in the form of a standard Gaussian PSF (or Airy-disk to be exact) expanded by more than 15 times over the same *z* range, and became barely detectable when placed \>500 nm from the focal plane ([Figure 1b](#F1){ref-type="fig"}). Measurement of the lateral bending of the SB-PSF as a function of axial displacement ([Figure 1c](#F1){ref-type="fig"}) was in good agreement with numerical simulation results ([Figure 1d](#F1){ref-type="fig"}, see [Supplementary Note 1](#SD1){ref-type="supplementary-material"} for simulation details).

We next generated a calibration curve that relates the known *z* positions of the beads to the observed lateral bending Δ*x* = (*x~R~* − *x~L~*)/2 of the bead images, where *x~R~* and *x~L~* represent the peak positions of the bead images along the *x* direction in the R and L channels, respectively ([Figure 1e](#F1){ref-type="fig"}). Notably, in spite of the removal of the side-lobes and the use of incoherent fluorescence light, the observed lateral bending agreed well with the prediction based on a coherent Airy beam $\Delta x = \frac{1}{2\sqrt{2}k^{2}x_{0}^{3}}z^{2}$, where *k* is the wavenumber, *x*~0~ describes the transverse size of the beam ([Supplementary Note 2](#SD1){ref-type="supplementary-material"}). For any emitter, we can then determine its transverse coordinates (*x*, *y*) from the average peak positions of the images in the L and R channels, i.e. (*x*, *y*) = ((*x~L~* + *x~R~*)/2,(*y~L~* + *y~R~*), and its *z* coordinate from Δ*x* = (*x~R~* − *x~L~*)/2 using the calibration curve.

To characterize the 3D localization precisions using this SB-PSF, we imaged individual molecules of Alexa 647, a photoswitchable dye^[@R23],\ [@R24]^, immobilized on a glass surface. The dye molecules were switched on and off for multiple cycles, and the localization precisions were determined from the standard deviation (SD) of repetitive localizations of each molecule ([Figure 2a](#F2){ref-type="fig"})^[@R14]^. At the focal plane (*z* = 0), the localization precisions were 9.2, 8.9 and 10.0 nm in *x*, *y* and *z*, respectively ([Figure 2a](#F2){ref-type="fig"}). The corresponding full width at half maximum (FWHM) values, which describes the minimum separation required for two molecules to be resolved, were 21.6 nm, 20.9 nm and 23.5 nm. Notably, the localization precisions were isotropic and did not change rapidly with the axial position of the molecules over a 3 μm range ([Figure 2b](#F2){ref-type="fig"}).

Next, we demonstrated the use of the SB-PSF for super-resolution STORM imaging of biological samples. We first imaged in vitro polymerized microtubules directly labeled with the photoswitchable HyLite 647 dye (a structural analog of Alexa 647). During imaging, we activated only a sparse subset of dye labels at a time and localized the activated dye molecules using the SB-PSF. Continuous activation and localization allowed numerous dye labels to be localized over time and a 3D super-resolution image to be constructed from the localizations ([Figure 3a](#F3){ref-type="fig"}). Both lateral and axial cross-sectional profiles of the microtubules gave consistent, isotropic 3D widths of ∼35 nm ([Figure 3b](#F3){ref-type="fig"}), which is in agreement with the convolution of the known ∼25 nm diameter of microtubules and the image resolution. Microtubules separated by ∼50 nm were well resolved ([Figure 3c,d](#F3){ref-type="fig"}).

Finally, we recorded STORM images of immunolabeled microtubules and mitochondria in mammalian cells using the SB-PSF and compared with conventional images taken using the Gaussian PSF without any modulation at the SLM ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). Remarkably, the STORM images not only exhibited substantially higher resolution than the conventional images, but also captured microtubules and mitochondria that were completely undetectable in the conventional images due to diffraction of the Gaussian PSF ([Figure 4b, f](#F4){ref-type="fig"} and [Supplementary Figure 4b, h](#SD1){ref-type="supplementary-material"}). STORM images taken with the SB-PSF maintained a high, isotropic 3D resolution over a ∼3 μm range without the need of any sample or focal-plane scanning ([Figure 4b,f](#F4){ref-type="fig"}). The transverse and axial profiles of three microtubules spanning a ∼2.5 μm axial range showed nearly isotropic widths of 50-60 nm ([Figure 4c, d](#F4){ref-type="fig"}), which is expected for microtubules that are broadened by immunolabeling with primary and secondary antibodies. The hollow structures of the immunolabeled microtubules were also clearly observed for densely labeled microtubule samples^[@R25]^ ([Supplementary Figure 4c-f, i, j](#SD1){ref-type="supplementary-material"}). Similarly, STORM images over ∼3 μm *z* range were acquired for mitochondria using the SB-PSF. The hollow outer-membrane structure of mitochondria was clearly observable throughout this range ([Figure 4g](#F4){ref-type="fig"}). Analysis of the repetitive localizations of isolated antibodies spread across the 3 μm imaging depth gave an average localization precision of 13 nm, 13 nm and 15 nm in the *x*, *y* and *z* directions, respectively, consistent with the average localization precisions over the same *z* range derived from surface immobilized molecules ([Figure 2b](#F2){ref-type="fig"}).

In summary, we developed a SB-PSF based on a modified Airy beam for 3D super-resolution imaging and obtained an isotropically high resolution in all three dimensions over an imaging depth of several microns. The SB-PSF provides 2-3 fold higher *z* localization precision than previous 3D localization approaches using PSF engineering, such as astigmatism^[@R14]^, bi-plane^[@R15]^ and double-helix PSF^[@R16],\ [@R26],\ [@R27]^ imaging. The imaging depth of the SB-PSF approach is ∼50% larger than that of the double-helix PSF method and 4-5 fold larger than the astigmatism and bi-plane methods. The *z* localization precision of the interferometric methods^[@R18],\ [@R19]^ is currently higher than that of the SB-PSF approach, but the imaging depth of SB-PSF is 5-10 fold larger than that of the interferometric approaches. Although it is possible to increase the imaging depth of all methods by scanning the focal plane, photobleaching of the out of focus fluorophores prior to their imaging substantially reduces the localization density and compromises the effective image resolution. Selective-plane microscopy can help alleviate this photobleaching problem, but the complexity of the imaging setup is much increased, especially for cell imaging^[@R28]^. The SB-PSF approach would thus be particularly useful for high-resolution imaging of relatively thick samples. It is, however, worth noting that the relatively large area of the SB-PSF, as compared to the simple PSFs (e.g. the size of the SB-PSF is 1.3 times that of the astigmatism PSF) reduces the number of localizable fluorophores per imaging frame and hence may reduce the imaging speed moderately. Furthermore, because imaging a larger depth simultaneously requires a lower density of activated fluorophores, the SB-PSF approach also imposes a stronger requirement on the duty cycle (on-time to off-time ratio) of the photoswitchable probes^[@R25]^.

The image resolution afforded by the SB-PSF, like other single-molecule approaches, depends on the number of photons detected from individual fluorophores. In this work, due to SLM-imposed photon loss (detailed in [Supplementary Note 3](#SD1){ref-type="supplementary-material"}), only ∼2000 photons were detected per switching cycle of Alexa 647, whereas 5000-6000 photons were detected when the SLM was not used. However, we note that the SLM-imposed photon loss can be largely mitigated by using a continuous phase mask fabricated using gray-scale photolithography^[@R29]^. Moreover, the SB-PSF approach can also be combined with the recently reported dual-objective detection scheme^[@R17]^ or ultra-bright photoactivatable fluorophores^[@R30]^, which should further increase the number of photons detected and allow for even higher image resolutions.

Methods {#S1}
=======

Optical setup {#S2}
-------------

All measurements were performed on a home-built inverted microscope ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}) configured for either total internal reflection fluorescence (TIRF) or oblique incidence excitation. The microscope utilized a 100×, 1.4 NA oil-immersion objective lens (Olympus UPlanSApo 100×, 1.4 NA) mounted beneath a three-axis nanopositioning system (Nano-LPS100, Mad City Labs), which controls the position of the sample. Activation of the Alexa 647 or HyLite 647 dye was provided by a 405 nm solid-state laser (CUBE, Coherent) and excitation of the activated dye molecules was provided by a 647 nm krypton gas laser (Innova 70C, Coherent). A 660 nm longpass dichroic mirror (Z660DCXRU, Chroma) was used to reflect the 405 nm and 647 nm lasers, and the transmitted fluorescence light was passed through a 700/75 emission filter (ET700/75m, Chroma). A 200 mm achromatic doublet lens (Thorlabs) functioned as a tube lens and formed an intermediate image plane situated at the input of the SB-PSF module. The SB-PSF module consisted of a two-channel 4-f imaging system with a programmable spatial light modulator (SLM, Custom XY Nematic Series, Boulder Nonlinear Systems) located at the Fourier-plane. The emission light was split into two orthogonal polarizations, which were then directed with mirrors onto different regions of the 256 × 256 pixel display of the SLM. Since the SLM can only modulate light with a defined polarization, the polarization of one beam was rotated 90° prior to impinging upon the SLM. Finally, the two beams reflected off the SLM, denoted as the left (L) and right (R) channels, were recorded on the left and right halves of an electron-multiplying CCD camera (iXon897, Andor), respectively.

Image alignment and channel registration {#S3}
----------------------------------------

Prior to imaging, an alignment between the two channels (L and R) was performed. In brief, 100 nm fluorescent microspheres (TetraSpeck, Invitrogen) were immobilized on the surface of a glass coverslip at a density of ∼0.2 microspheres/μm^[@R2]^. Each imaging field of view contains more than 100 beads. Starting from the focal plane, the sample was sequentially displaced in 100 nm increments over a range of slightly more than 3 μm while images of the beads in both channels were recorded for each z position of the sample. A new region was then chosen and images of 10 regions are super-imposed to create an image with a high density of fiducial markers. Multiple steps of third-order polynomial transformations were used to correct for aberration in each of the L and R channels such that the bead images in the two channels were identical to each other at any z position of the bead sample, but with exactly anti-symmetric z-dependent lateral bending ([Supplementary Figure 5](#SD1){ref-type="supplementary-material"}). After channel alignment, the *x* and *y* positions of the beads do not move appreciably as the sample was translated along the axial direction, indicating a high accuracy for the alignments. The residual alignment error is \<8 nm ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). For each channel, the multiple steps of third-order polynomial transformations were combined into a single transformation matrix (the channel alignment matrix) for analysis of individual STORM frames. The calibration curve for the lateral bending as a function of the axial position (shown in [Figure 1e](#F1){ref-type="fig"}) was also generated in this process.

Single-molecule and STORM imaging {#S4}
---------------------------------

A 647 nm laser at an intensity of 2 kW/cm^[@R2]^ was used for excitation of the dyes. Under this condition, the dye molecules are in the fluorescent state initially but rapidly switch to a dark state. All STORM movies were recorded at a frame rate of 50 Hz using home-written Python-based data acquisition software. The movies typically consisted of 30,000 -- 100,000 frames. During each movie, a 405 nm laser light (ramped between 0.1 and 2 W/cm^[@R2]^) was used to activate fluorophores and to maintain a roughly constant density of activated molecules. In STORM imaging of *in vitro* microtubules, a weak 561 nm laser (∼20 W/cm^[@R2]^) was used to illuminate fiducial markers.

STORM image analysis {#S5}
--------------------

Single-molecule and STORM movies from the L and R channels (recorded on the left and right halves of the same camera, respectively) were first split and individually analyzed using similar methods as previously described^[@R14]^. Fiducial markers and image correlations^[@R14]^ were used for drift corrections for single-molecule and STORM imaging, respectively. Channel alignment matrices were applied to drift-corrected molecule localizations, resulting in molecule lists in each channel (*x~Lmol~*, *y~Lmol~*) and (*x~Rmol~*, *y~Rmol~*), respectively. Localizations in the two channels were linked as arising from the same molecule if they fulfilled the following four criteria: 1) their separation along the x-dimension is less than the maximum bending distance (0 \< *x~Rmol~* − *x~Lmol~* \< 5 μm); 2) their separation along y-dimension was less than the size of a single pixel (140 nm); 3) both localizations appeared and disappeared in the same frame; 4) localizations that appeared to have more than one pairing candidates in the other channel were rejected to avoid ambiguity. After linking, the lateral position (*x*, *y*) of the molecule was determined using *x* = (*x~Lmol~* + *x~Rmol~*)/2 and *y* = (*y~Lmol~* + *y~Rmol~*)/2, while the axial position *z* was determined from Δ*x* = (*x~Rmol~* − *x~Lmol~*)/2 using the calibration curve shown in [Figure 1e](#F1){ref-type="fig"}, followed by a correction for refractive index mismatch as previously described^[@R14],\ [@R31]^. Because of the sparsity of the activated molecules in each imaging frame, only a small fraction (\<20%) of the localizations were rejected by the above-described criteria. Among the retained localizations, very few (\< 1%) appeared to be erroneous according to our manual examination.

**Detailed sample preparation procedures** for single-molecule characterization, *in vitro* assembled microtubule, and immunofluorescence staining of cellular structures are described in the [Supplementary Information](#SD1){ref-type="supplementary-material"}.
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![Self-bending point spread function (SB-PSF)\
(a) Schematic of the experimental setup. The objective lens (OL) and tube lens (TL) form an image of the sample at an intermediate plane (black dashed line), which is relayed to the EMCCD camera by the relay lenses (RL1 and RL2). The emission is split into two polarizations by a polarizing beam splitter (PBS), one of which is rotated by a half-wave plate (λ/2), such that the polarizations of both beams are aligned along the active polarization direction of the spatial light modulator (SLM). The SLM situated at the focal plane of RL1 and RL2 imparts a phase modulation that converts the emission into the desired SB-PSF. Detailed setup is shown in [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}. (b) The *x*-*y* cross-sections of the SB-PSF and the standard Gaussian PSF recorded as the images of fluorescence microspheres at several axial positions over a 3 μm *z* range. (c) *x*-*z* views of the SB-PSF and the standard Gaussian PSF. (d) The corresponding *x*-*z* views of the PSFs obtained from numerical simulation. (e) Calibration curve of the lateral bending distance, Δx = (*x~R~* −*x~L~*)/2, as a function of the *z* positions of the beads. Scale bars, 500 nm.](nihms556889f1){#F1}

![Three-dimensional localization precision of single fluorescent molecules using the SB-PSF\
(a) Repetitive activation gives a cluster of localizations for each individual molecule. Multiple clusters were aligned by their centers of mass to generate the overall 3D localization distribution (left). The right panels show the distributions in *x* (top), *y* (middle), and *z* (bottom). The distributions were fit to a Gaussian function (black line), yielding standard deviations of 9.2 nm, 8.9 nm and 10.0 nm along *x*, *y* and *z*, respectively, for molecules at the focal plane (*z* near zero). (b) The localization precision values determined at various axial (*z*) positions over a 3 μm range. The localization precision values were obtained with an average of ∼2000 photons per switching localization.](nihms556889f2){#F2}

![STORM imaging of in vitro polymerized microtubules using the SB-PSF\
(a) 3D STORM image of in vitro assembled microtubules, with *z*-positions color-coded according to the color scale bar. (b) The left and right panels show the transverse (*x*) and axial (*z*) cross-sectional profiles of a 2 μm segment outlined in the yellow box, respectively. The profiles exhibit isotropic FWHM of 36.3 nm and 32.5 nm, respectively. (c) Zoom-in image of the red-boxed region in (a). (d) Transverse cross-sectional profile of the two nearby microtubules shown in the yellow-boxed region in (c). Scale bars, (a) 1 μm, (c) 500 nm.](nihms556889f3){#F3}

![STORM imaging of microtubules and mitochondria in cells using the SB-PSF\
(a,e) Conventional immunofluorescence images of microtubules (a) and mitochondria (e) in different BS-C-1 cells taken with the standard Gaussian PSF. (b,f) The 3D STORM images of the same areas taken with the SB-PSF, respectively. The *z*-position information is color-coded according to the color scale bar. White arrows indicate microtubules and mitochondria that are undetectable in the conventional images but are captured in the STORM images. (c) From left to right, transverse cross-sectional profiles of the three microtubule filaments (i), (ii) and (iii) in the boxed region in (b), respectively. The FWHM of the three peaks are 52.1 nm, 55.9 nm and 53.5 nm, respectively. (d) Axial cross-sectional profiles of the same microtubules. The FWHM of the three peaks are 52.4 nm, 50.8 nm and 58.0 nm, respectively. (g) The cross-sections along the dashed lines (i), (ii) and (iii) in (f) show hollow outer-membrane structures of mitochondria. Scale bars, (a,b) 500 nm, (e-g) 1 μm.](nihms556889f4){#F4}
